Scanning force microscopy was used to study localized charge deposition and subsequent transport in Co nanoclusters embedded in SiO 2 deposited on an n-type Si substrate. Co nanoclusters were charged by applying a bias voltage pulse between tip and sample, and electrostatic force microscopy was used to image charged areas, to determine quantitatively the amount of stored charge, and to characterize the discharging process. Charge was deposited controllably and reproducibly within areas ϳ20-50 nm in radius, and an exponential decay in the peak charge density was observed. Longer decay times were measured for positive than for negative charge; this is interpreted as a consequence of the Coulomb-blockade energy associated with single-electron charging of the Co nanoclusters.
Discontinuous metal/insulator multilayers exhibit a variety of properties of importance for potential applications in magnetic recording, the most notable being negative magnetoresistance due to spin-polarized tunneling between the metal particles and saturation of this magnetoresistance at low magnetic fields. 1, 2 The transport properties of these materials are of key importance for sensor applications, but are usually observed globally due to the large electrode area typically employed. However, the scanning probe microscope 3 ͑SPM͒ provides a method to characterize these properties locally: previous studies have demonstrated local charging of insulator films 4, 5 and nitride-oxidesemiconductor structures, 6, 7 and imaging of the deposited charge by scanning probe techniques.
In this letter, we describe local charging by a conductive scanning probe tip of a thin film consisting of Co nanoclusters embedded in insulating SiO 2 , deposited on a Si substrate. Electrostatic force microscopy ͑EFM͒ was used to characterize the local charge density in the Co layer, and the carrier transport both within the discontinuous Co layer and between the Co layer and the Si substrate. Controlled deposition of small numbers of electrons by a proximal probe is demonstrated and quantified; charge decay time is characterized as a function of carrier type and layer structure, and evidence of Coulomb-blockade effects is observed at room temperature in the dynamics of charge decay for positively and negatively charged nanoclusters.
Samples were prepared by alternating sputtering from two separate targets onto an n-type Si ͑100͒ substrate covered with a native oxide layer ͑ϳ2.5 nm in thickness͒. The Co was direct current ͑dc͒ sputtered and the SiO 2 was radio frequency ͑rf͒ sputtered. Deposition was performed at room temperature with 2 mTorr Ar pressure. The base pressure in the sputtering system was ϳ10 Ϫ7 Torr. The nominal deposited film structure is SiO 2 ͑3 nm͒/Co͑1.4 nm͒/ SiO 2 ͑3 nm͒, as determined from the deposition rates ͑0.9-1.3 nm/min for the Co and 2.0-3.0 nm/min for the SiO 2 ), calibrated by lowangle x-ray reflection. Transmission electron microscopy ͑TEM͒ studies have shown that, when deposited on SiO 2 , the Co layer is discontinuous with formation of Co nanoclusters, 8, 9 as depicted in Fig. 1 . Scanning probe studies were performed at room temperature under ambient conditions using a Digital Instruments MultiMode™ Scanning Probe Microscope 10 with a heavily doped p ϩ -Si tip. Sample charging was achieved during TappingMode™ operation 9 by holding the tip at the center of the scan area for 10 s with a bias voltage applied to the tip and the sample grounded, as shown in Fig. 1 , causing carriers to tunnel between the tip and the Co layer. Little variation in sample charging was observed for charging times ranging from 5 to 30 s. EFM was used to image charged regions and to estimate the total stored charge. A series of EFM images obtained before and after charging at different bias voltages is shown in The contrast observed in the EFM image may be used to calculate the total stored charge Q. Specifically, the shift ⌬ f in the resonant frequency of the cantilever is related to the force gradient 11 where z 0 ϭ20 nm is the lift height during EFM imaging, f 0 ϭ232 kHz the cantilever resonant frequency, and k the cantilever spring constant, which was estimated from the lever geometry to be 90Ϯ10 N/m. The force F(z) arises from Coulomb interactions of the stored charge, its image charges in the tip and Si substrate, and the induced charges due to the voltage V EFM applied during imaging. From an electrostatic analysis of the tip-sample system modeled using a simple parallel-plate geometry, the force is found to be given by
where d 1 and d 2 are the thicknesses of the top and bottom oxide layer, respectively, ⑀ SiO 2 the relative dielectric constant of SiO 2 , z the tip-sample separation, and A the area of the charged region. Model calculations suggest that the first term in the bracket in Eq. ͑1͒ is small, a conclusion supported by measurements with V EFM ϭ0 V showing no contrast difference between charged and uncharged regions. The third term in the bracket is independent of the stored charge and yields a constant background frequency shift at all points in the EFM image. Thus, the final contrast observed is proportional to the stored charge Q and to V EFM . Using the value for f 0 , k, z, d 1 , and d 2 given above, the total charge Q is then given by Qϭ18Ϯ2 eV Hz V EFM ⌬ f . Figure 3 shows the charge deposited in the Co layer, calculated from the contrast measured in EFM images in the manner described above, as a function of the charging voltage V ch . A positive bias applied to the tip results in a positive charge in the Co layer, from which we conclude that charge transfer occurs between the tip and the Co layer, rather than from the Si substrate. The measured dependence of deposited charge on V ch , shown in Fig. 3 , yields a value for the tip-sample capacitance C m ϭ1.76Ϯ0.02 eV. The charged area A may then be deduced from an analysis of the tip-induced charging process. Charging occurs while the tip is oscillating, with an average capacitance given by
where Bϭ90 nm is the measured amplitude of the tip oscillation. By requiring that C ϭC m we deduce a value for the charged area A of ϳ1300 nm 2 , corresponding to a disk with a radius of ϳ20 nm, which is in reasonable agreement of the radius of the charged region of 70-100 nm in the EFM images minus the tip radius of 10-20 nm. TEM images of similar samples show that approximately 20-40 Co nanoclusters are present within an area of the size. 8, 9 Thus, charging at Ϯ12 V deposits or removes approximately one electron per Co nanocluster. Figure 4 shows EFM images of a charged region 30, 150, and 330 s after charging. The charged region can be seen to increase slightly in area over time, with the contrast between charged and uncharged regions decreasing strongly. These observations indicate that most of the stored charge tunnels into the Si substrate, with some carrier transport also occurring between Co nanoclusters. This conclusion is supported by measurements performed on structures with a thick SiO 2 layer beneath the Co layer, in which much longer charge decay times were observed. Figure 5 shows the decay in charge for regions charged at 12 and Ϫ12 V. The charge decay appears exponential in both cases, but with different decay times ϩ and Ϫ for positive and negative stored charge, respectively. We interpret the difference in the decay times for positive and negative charging as a consequence of the Coulomb blockade energy for charging of the Co nanoclusters. To tunnel from a Co nanocluster with a single negative charge into the Si substrate, an electron must overcome a potential barrier 1 ϭ Co Ϫe SiO 2 ϪE 0 where Co is the Co work function, SiO 2 the SiO 2 electron affinity, and E 0 ϭe 2 /(2C Co ) the single-electron charging energy 12 of a Co nanocluster with capacitance C Co . To escape from a nanocluster with a single positive charge, a hole must overcome a potential barrier 2 ϭ Co Ϫe SiO 2 ϩE 0 . Since the tunneling probability T varies with barrier height and barrier thickness d as T ϳexp(Ϫ2dͱ2me/ប), the relation between the decay times is given approximately by
where m is the electron mass and d 2 the lower SiO 2 layer thickness. Solving Eq. ͑3͒ for the charging energy and using the measured values for ϩ and Ϫ , we obtain E 0 ϭ33Ϯ6 meV. TEM images of similar structures show spherical Co particles ϳ1.5 nm in radius in chain-like arrangements with typical lengths of 3-6 particles. 8, 9 The charging energy of such nanoclusters is approximately 31Ϯ10 meV, which is in very good agreement with the value estimated from measured decay times. Measurements on samples with larger Co clusters show that the difference between ϩ and Ϫ decreases as the Co cluster size increases, as expected since E 0 , and therefore 2 Ϫ 1 , decrease with increasing cluster size.
In summary, we have used scanning probe techniques to demonstrate and characterize local charge deposition and transport in Co nanoclusters embedded in an insulating SiO 2 matrix. Positive and negative charge can be deposited controllably and reproducibly in such nanoclusters, typically in quantities of ϳ5-20 electrons within areas 30-50 nm in radius. The charge decays over several minutes, with the decay time for positively charged nanoclusters being substantially larger than that for negatively charged nanoclusters. This difference is interpreted as a consequence of the Coulomb blockade energy associated with single-electron charging of Co nanoclusters.
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